From the Department of Zoology, Dtike University, Durham, North Carolina TUDIES of the renal function in kangaroo S rats have indicated that this animal has a mechanism for renal tubular excretion of urea (I). In order to increase the understanding of the process of urea excretion, it was desirable to study this function further in the kangaroo rat and also to make a comparative study in other rodents. The emphasis in the present study has been Qiaced upon the effect of excitement and the effect of diet.
METHODS

Kangaroo
rats of the species Dipodomys merriami were trapped in Arizona, and maintained in the laboratory on the experimental diets for at least a month prior to the experiments.
The white rats used were raised in our laboratory and likewise kept on the experimental diets for at least I month prior to the experiments.
The kangaroo rats were given a high protein diet. Some of the white rats were given a high protein, others a low protein diet. For a high protein diet, soy bean meal or dried soy beans were used with a small supplement of dry yeast and fish liver oil concentrate.
The approximate protein content of this diet was 40 gm/Ioo gm dry matter. For a low protein diet cornmeal and fresh carrots were used with the same supplement as above. The approximate protein content was IO gm/roo gm dry matter.
The methods for determination of urea and inulin were the same as those previously employed by the author (I).
For determination of true endogenous creatinine
Hare's method (2) was used with some slight modifications (3 In the experiments where two or more blood samples were collected, the mid-point concentration was located on a straight line drawn between the two known points on semilogarithmic graph paper, assuming that the plasma ufea concentration is an exponential function of time.
Clearance determinations using true endogenous creatinine will be described together with the experiments.
Diuresis. It was necessary to induce an osmotic diu'resis in the infusion experiments because the kangaroo rat with its high production of antidiuretic hormone is unable to excrete even moderate quantities of ingested pure water. It was also necessary to prehydrate the animals, and this was accomplished by giving them lettuce the night before the experiment. Without prehydration the animal showed a steadily decreasing filtration rate, and would die if the infusion was not interrupted. As osmotic agents sodium chloride or mannitol were used in varying concentrations.
The filtration rate was quite constant and independent of urine flow when sodium chloride was infused. It was around r ml/min/Ioo gm body weight. The glomerular filtration rate varied considerably from one experiment to another when mannitol was infused. Profuse diuresis with inulin U/P ratios down to five or less was obtained when mannitol was administered in high concentrations (IO or 17 %) but under these circumstances the filtration rate was often very low (0.3-0. 4 
I33
three phenomena of interest were observed: a) the urea clearance almost always decreased relative to the inulin clearance in the course of the infusion experiment; b) blood sampling, or excitement alone, caused a decrease in the urea/inulin clearance ratio; c) no correlation was found between the urea/inulin clearance ratio and the urine flow (or inulin U/P ratio). The decrease in the urea clearance relative to the inulin clearance during the course of infusion is demonstrated in figure I , In several experiments (not shown) the urea clearance exceeded the inulin clearance in the first one or two clearance periods. Thus, in one experiment the urea clearance in the first clearance period was five times higher than the inulin clearance (urea clearance 1.52 ml/min/Ioo gm, inulin clearance 0.30 ml/min/Ioo gm), but it always dropped to a lower value toward the end of the experiment. In a total of 13 clearance experiments this drop was evident in eight cases. In the remaining five experiments the initial value was always low (0.44-0.60) and in no case was there a significant increase in the urea/inulin clearance ratio in the course of an experiment. A high initial value was without exception followed by a rapid decrease in the clearance ratio. 3 If the blood was collected from the animal in the course of an infusion experiment, the drop in urea clearance was always accelerated (expers. 6 and 9, figure I), In some cases the decrease in urea clearance was accompanied by a decrease in glomerular filtration rate (exper. 6); in other cases the filtration rate remained relatively constant while the urea. clearance decreased (exper. 9). The collection of blood usually was accompanied by some excitement and struggle on the part of the animal. In one experiment, unsuccessful attempts were made to collect blood from the foot, the 3 High initial values have been explained as exaltation of the urea clearance caused by rising urine flow, as first found by Shannon in dogs (5) . An explanation given for this exaltation is that urea is abstracted from the tubule cells (or interstitial fluid) when the distal urine is suddenly diluted at the onset of the diuresis (6, p, ZIO animal struggled, but lost no blood. However, the procedure resulted in a drop in urea/inulin clearance ratio similar to that found when blood was taken. Experiments to clarify this observation will be described in the following section, That the changes found in urea/inulin clearance ratio were caused not solely by changes in tubular reabsorption of water or by changes in glomerular filtration rate, can be seen from an apparent lack of correlation between these factors. This is partly illustrated in figure 2 where the urealinulin clearance ratio is plotted against the tubular reabsorption of water (given as inulin U/P ratio). The filtration rate varies somewhat in the clearance periods presented, but no better correlation is found if the data are selected for constant inu1in clearance.
Shannon's (5) results from dogs are sketched in as the crosshatched area in figure 2, Shannon excluded all clearance periods during which the urine flow was rising, therefore in the data for kangaroo rats the clearance periods with rising urine flow are given a symbol (A) different from that used for periods with constant or falling urine flow (0). Results ob- tained in experiments where the filtration rate was markedly depressed (because of mannitol infusion) are given a third symbol ( q > . It is seen that the data are widely scattered, and that many of the urea/inulin clearance ratios are higher than the corresponding ratios from dogs. The ratios obtained from the animals with depressed glomerular filtration rate are lower than the corresponding data for dogs. This latter phenomenon might be due to increased back diffusion of urea as a result of .the abnormally slow passage of fluid through the tubules. Does Excitement Depress the Urea Clearance in Kangaroo Rats? The results obtained led to the belief that urea excretion is progressively depressed in the excited kangaroo rat. In order to investigate this possibility, it was necessary to find a way in which glomerular filtration rate and urea clearance could be measured in a practically undisturbed animal. The inulin infusion technique was not suitable because the application of this technique is in itself enough to cause a depression of the urea excretion.
If the true endogenous creatinine clearance could be used for measuring glomerular filtration rate it would be well suited for the purpose because it would be unnecessary to make any infusion or cause other major disturbances. Therefore, the true endogenous creatinine clearance was compared with the simultaneous inulin clearance during infusion experiments in kangaroo rats (3). . It was found that this clearante measures glomerular filtration rates because there is no significant tubular secretion of creatinine and no tubular reabsorption or back diffusion at 'normal' filtration rates. However, at abnormally depressed filtration rates endogenous creatinine is to some extent excreted by the renal tubules. Therefore there is little or no reason to believe that endogenous creatinine clearance ever gives erroneously low filtration rates, but it may sometimes give erroneously high values. Consequently, this method could lead to the observation of too low urea/creatinine clearance ratios, but not very well to such ratios that were erroneously high. This measure for glomerular filtration rate was therefore accepted and used for studies of the urea excretion in unexcited and in excited animals.
Unexcited animals. To obtain urine from completely undisturbed animals, they were taken directly out of their cages in the animal room and immediately killed in CO2 . Blood was collected from the heart and urine from the bladder. Animals were killed at different times of the day to find if there were diurnal variations which could cause a consistent change in values during the day, but no such changes were found. The renal clearance could of course not be determined, but the urea/crew atinine U/P ratio, which is identical to the clearance ratio, was calculated. From table I it is seen that the urea U/P ratio was found to be high and often exceeding the creatinine U/P ratio in undisturbed animals. In contrast to previous findings, the urea clearance exceeded the filtration rate even at high tubular reabsorption of water where a considerable back diffusion of urea could be expected. Since the analytical work was carried out with high precision and consistent accuracy it is very difficult to imagine that the observed high values could'be due to experimental variations.
Excited animals. To investigate if a seemingly slight disturbance could cause depression of the urea excretion, a number of kangaroo rats were placed in the usual small wire cages so that spontaneous urine samples could be collected. Excitement was avoided as far as possible. The aninials were killed in CO2 after 5-6 hours and blood was collected from the heart. The concentrations of creatinine and of urea found in the final blood samDle were used for the calculations of the U/P ratios throughout the experimental period, assuming that no great changes in plasma concentrations took place during the experiment. The results are presented in table ~4. For all of the animals the urea/creatinine clearance ratio is highest in the first urine sample; in the following samples there usually is a progressive decrease in the ratio. The same phenomenon but more pronounced had been found in the infusion experiments. In the infusion experiments the possibility could not be excluded that a rising urine flow was the cause of the initially high urea clearances, but in the present -experiments this possibility seemed unlikely because there was no augmentation of the urine flow. A more reasonable explanation for the present findings is that the excitement caused by being in the small wire cages is enough to partly depress the excretion of urea. It should be mentioned that throughout the experimental period the animals were quiet and not visibly excited. It is, however, very likely that they, in spite of this, are 'emo- tionally disturbed. Thus, it was previously observed (I) that the body temperature of kangaroo rats fell when they were placed in small wire cages at room temperature, in spite of the fact that they maintain their body temperature at the same environmental temperature as long as they are sitting in their own cages in the animal room. In order to investigate if the urea excretion could be further depressed by excitement, kangaroo rats were placed in small wire cages with the tails pulled out through the cage and fasted with adhesive tape to simulate the conditions of the infusion experiment. No further treatment was given. Spontaneous urine samples were collected from a petri dish under the cage. From table 2B it is seen that the urea/creatinine clearance ratio is always quite low in the second urine sample while it is somewhat higher in the first sample. The first urine sample was partly formed before the animals were disturbed while the second urine sample was formed entirely during a period of excitement.
A comparison of the completely 'unexcited' animals (table I) and those excited by taping the tail (table 2B) shows that the former had an average urea/creatinine clearance ratio of 1.02 (range 0.83-1.44) and the latter 0.42 (range 0.36-0.47). Since the determinations of the clearance ratios were done with identical techniques, the only cause of this conspicuous difference seems to be the 'emotional' excitement of the animal.
Do Excitement and Diet Affect the Urea
Clearance in White Rats? Since the urea clearance can be depressed selectively in the kangaroo rat, in which we have reason to believe that urea can be excreted by renal tubular secretion, it is of interest to investigate if the same phenomenon can be observed in other mammals about whom we do not know if urea can be excreted in this manner. A study was undertaken with white rats in which the effect of excitement and the effect of the protein content of the diet was investigated. In kangaroo rats the protein content of the diet affects the urea clearance so that the urea/inulin clearance ratios are higher in the animals maintained on a high protein diet than in those maintained on a low protein diet (I). The true endogenous creatinine clearance was used as a measure for the glomerular filtration rate as in the experiments with kangaroo rats. To insure that this is justified, the inulin clearance was compared with the true endogenous creatinine clearance in five white rats. Inulin was administered subcutaneously as a 10% solution given in an amount corresponding to I % of the .body weight. About 3 hours after the injection and about IO minutes after a spontaneous urination, the animals were killed and blood and urine collected from heart and bladder, respectively. The results in table 3 show that the creatinine clearance generally is slightly higher than the inulin clearance. The material is very limited bu,t since the results agree with what has been found in other animals, we have assumed that as in the kangaroo rats, the true endogenous creatinine clearance is a reasonably accurate measure for the glomerular filtration rate. E$ect of diet. Fifteen rats were maintained on the high protein diet and ten rats on the low protein diet. When an animal was taken out of the cage in the animal room to be transferred to the experimental cage, this almost invariably caused the animal to urinate and thus samples of urine formed during a period when the animals were unexcited was obtained. In several of the animals a blood sample was taken from the tail by cutting off its tip with a razor blade. Then the animal was placed in the wire cage and one or several urine samples were collected. At the end of the experiment the animal was killed in CO2 and blood and urine collected as usual.
The effect of diet is seen to be very marked ( fig. 3) , the urea/creatinine clearance ratios being almost twice as high when the animals were maintained on a high protein diet than on a low protein diet.
Eject 01 excitement. The effect of tail cutting was equally marked as the effect of diet. In all of the experimental animals, independently of -. the diet, the urea/creatinine clearance ratio dropped to approximately one-half the preexcitement level ( fig. 3) . The white rats, however, were not as easily excitable as the kangaroo rats and the urea/creatinine clearance ratio did not decrease appreciably after the animals had been transferred to the laboratory (see table 4) unless they were drastically disturbed, as for example by tail cutting.
The results indicate that the urea clearance in the white rat varies with the protein content of the diet and that excitement results in a selective depression of the urea clearance. However, before this can be accepted as an explanation for the variations found in the urea/creatinine clearance ratio, we must investigate other possible explanations: a) it is possible that a decrease in urea/creatinine clearance ratio is caused by a decrease in filtration rate with a resulting increase in tubular back diffusion of urea. The average filtration rate measured as creatinine clearance in the unexcited rats on high protein diet was 0.68 ml/min/Ioo gm and in the excited rats 0.78 ml/min/Ioo gm. In the rats on low protein diet, the rates were 0.60 in the unexcited animals and 0.67 in the excited animals. The differences found are small and since the excited rats showed a slightly higher filtration rate there is no support for the theory that the low urea/creatinine clearance ratios could be caused by a low filtration rate. b) Tubular secretion of creatinine could be the cause of the low urea/creatinine clearance ratios. Slight tubular secretion of creatinine was found in the experiments where the creatinine clearance was compared with the inulin clearance. and from the limited number of experiments it cannot be excluded that more creatinine could be secreted in animals maintained on a low protein diet than in animals on a high protein diet. However, the difference between urea/ creatinine clearance ratio on high and on low protein diet cannot solely be caused by such a difference in creatinine secretion because the ureaiinulin clearance ratios (in table 3 ) show a similar difference. c) It is possible that the blood loss as such causes the urea clearance to decrease and that therefore excitement plays no role in the process. In one experiment a rat on high protein diet was used. The tip of the tail was cut.off as in the other experiments but no blood was collected and all bleeding was prevented. The urea/creatinine clearance ratio (table 4) dropped almost as much as if blood had been collected.
DISCUSSION
The present concept of the renal excretion of urea is as follows: urea, which is completely filterable, passes in to the glomerular filtrate, and during the passage through the proximal and Bang (9, IO) that the urea clearance falls considerably (30%) in human beings transferred to a low protein diet, and shows a temporary rise P-Z hours after a high protein meal. These alterations were rather selective, as inulin clearance and diodrast clearance were and kangaroo rats maintained on a low protein diet show markedly lower urea/creatinine * Four animals transferred from animal room to laboratory.
Consecutive urine samples were collected from or urea/inulin clearance ratios than when each animal. Two of the animals were subjected to maintained on a high protein diet. In a preactual and simulated blood sampling.
vious study (I) urea clearances have been found to exceed the simultaneous inulin clearand distal tubule some of the urea diffuses back passively through the tubular wall. This back diffusion explains the deficit that is normally found between the amount of urea filtered and the amount excreted. The concept was first formulated by Rehberg (7) who based it on his studies in man. Rehberg found that the fraction of filtered urea, which is excreted, decreases in a regular manner with the tubular reabsorption of water, the interpretation being that the passive back diffusion of urea increases with the increasing concentration gradient across the tubular wall. Shannon (5, 8) in his studies with dogs could confirm this view. He antes at low tubular reabsorption of water. In this study it was observed that in the completely undisturbed animal the urea clearance approaches and sometimes exceeds the true endogenous creatinine clearance even at high tubular reabsorption of water.
In the white rat, the urea clearance was not found to exceed the true endogenous creatinine clearance although it has been suggested by findings by Sosnovick (I I) that the urea clearance exceeds the filtration rate during osmotic diuresis, when the tubular reabsorption of water is very low. However, the urea clearance varied in the whit& rat in a manner very similar April 1955 UREA EXCRETION
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to that observed in the kangaroo rat, the only difference being that the urea clearance was more easily depressed in the more excitable kangaroo rat.
Using the now classical approach in renal physiology in interpreting these results we are forced into the conclusion that some mechanism other than the filtration-passive back diffusion is involved in the renal excretion of urea at least in some mammals. However, in view of the accumulated information in favor of the current concept, we can at the present time only tentatively offer the explanation that urea can be excreted by active tubular secretion.
The renal excretion of urea has been studied in kangaroo rats and in white rats.
In inulin infusion experiments with kangaroo rats it was found that the urea clearance decreased relative to the glomerular filtration rate in the course of an experiment and that blood sampling accelerated this decrease. To investigate if excitement could be the cause of the depression of the urea excretion, the urea excretion was studied in undisturbed and in excited kangaroo rats, using the true endogenous creatinine clearance as a measure for the filtration rate. The results showed: a) that in the completely undisturbed kangaroo rat the amount of urea excreted in the urine is as high and sometimes exceeds the amount filtered, even when the tubular reabsorption of water is high so that a considerable back diffusion of urea could be expected. b) If the kangaroo rat is disturbed (and even slight interferences from the outside will have this effect) the urea clearance decreases relative to the filtration rate.
In experiments with white rats the effect of excitiment and of 'diet was studied. The urea/creatinine clearance ratio decreased to about one-half the pre-excitement level when the rats became excited by blood sampling from the tail. Rats on a high protein diet (40% protein) showed a urea/creatinine clearance ratio about twice as high as that of rats on a low protein diet ( 
